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Introduction:  Up  to 20%  of  patients  with  brain  metastases  treated  with  immune  checkpoint  inhibitor  (ICI)
therapy  and concomitant  stereotactic  radiosurgery  (SRS)  suffer  from  symptomatic  radiation  necrosis.  The
goal  of  this  study  is to evaluate  Radiosurgery  Dose  Reduction  for Brain  Metastases  on  Immunotherapy
(RADREMI)  on  six-month  symptomatic  radiation  necrosis  rates.
Methods:  This  study  is a prospective  single  arm  Phase  I  pilot  study  which  will  recruit patients  with
brain  metastases  receiving  ICI  delivered  within  30 days  before  SRS.  All  patients  will be treated  with
RADREMI  dosing,  which  involves  SRS  doses  of 18  Gy for 0−2 cm  lesions,  14 Gy  for  2.1−3  cm lesions,  and
12  Gy  for  3.1−4  cm  lesions.  All patients  will  be monitored  for  six-month  symptomatic  radiation  necrosis
(defined  as  a six-month  rate  of clinical  symptomatology  requiring  steroid  administration  and/or  operative
intervention  concomitant  with  imaging  findings  consistent  with  radiation  necrosis)  and  six-month  local
control.  We  expect  that  RADREMI  dosing  will  significantly  reduce  the symptomatic  radiation  necrosis
rate  of  concomitant  SRS  +  ICI  without  significantly  sacrificing  the  local  control  obtained  by the  present
RTOG  90−05  SRS  dosing  schema.  Local  control  will  be defined  according  to  the  Response  Assessment  in

Neuro-Oncology  (RANO)  criteria.
Discussion:  This  study  is the  first prospective  trial to investigate  the safety  of  dose-reduced  SRS  in
treatment  of  brain  metastases  with  concomitant  ICI.  The  findings  should  provide  fertile  soil for  future
multi-institutional  collaborative  efficacy  trials  of  RADREMI  dosing  for  this  patient  population.
Trial  Registration:  Clinicaltrials.gov  identifier:  NCT04047602  (registration  date:  July  25,  2019).

© 2020  Greater  Poland  Cancer  Centre.  Published  by Elsevier  B.V. All  rights  reserved.
. Background & rationale

.1. Epidemiology

Occurring ten times more frequently than primary brain
umors, brain metastases are by far the most common intracra-
ial malignancy.1 Associated with a median overall survival of 4–5
onths, brain metastases afflict more than 200,000 people annu-
lly in the United States, comprising up to 30% of adults with
ancer.2–5

∗ Corresponding author.
E-mail address: drwood@post.harvard.edu (S. McClelland III).

ttps://doi.org/10.1016/j.rpor.2020.04.007
507-1367/© 2020 Greater Poland Cancer Centre. Published by Elsevier B.V. All rights res
1.2. Treatment of brain metastases

In general, treatment of metastatic brain disease involves sur-
gical resection, whole brain radiation therapy (WBRT), stereotactic
radiosurgery (SRS), and/or systemic therapy. While conventional
systemic therapies alone are typically not sufficient to control
intracranial disease due to the presence of the blood-brain barrier,
newer studies suggest efficacy of immunotherapy – predominantly
via immune checkpoint inhibitors (ICI). Recent Level I evidence
in patients with metastatic melanoma indicates that the 6-month
local control rate of brain metastases treated with multi-agent ICI

6
alone (nivolumab + ipilimumab) is 57%, compared to the 24% rate
of ipilimumab alone,7 the 22% rate of pembrolizumab alone,8 or
the 50% rate of ipilimumab + fotemustine.9 While the local control
rate of multi-agent ICI is encouraging, it is important to remem-

erved.

https://doi.org/10.1016/j.rpor.2020.04.007
http://www.sciencedirect.com/science/journal/15071367
http://www.elsevier.com/locate/rpor
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rpor.2020.04.007&domain=pdf
mailto:drwood@post.harvard.edu
https://doi.org/10.1016/j.rpor.2020.04.007


 Oncol

b
l
a
d
w
i

1
r

i
i
r
f
t
p
i
a
t
f
a
p
s

r
t
3
i
r
s
s
r
i
a
s
t
p
r
w
l

w
r
i
s
s
T
s
i
l
a
d
r
n
n

1
t

t
s
v
r
1

S. McClelland III et al. / Reports of Practical

er that the 57% rate remains vastly inferior to the six-month
ocal control rates of 87-91% achieved following single-fraction SRS
dministered via linear accelerator or Gamma  Knife.6,10–12 Candi-
ates for SRS are typically patients with 1–10 brain metastases,
hile patients exceeding 10 brain metastases often receive WBRT

nstead of SRS.13

.3. Morbidity of standard-dose stereotactic
adiosurgery + Immunotherapy for metastatic brain disease

A potential late toxicity of high-dose SRS for brain metastases
s symptomatic radiation necrosis, which is associated with focal
nflammation and intracranial edema at the irradiated site, often
equiring steroid treatment (which is in itself counterproductive
or optimizing efficacy of ICI) and/or craniotomy for resection of
he necrosis in situations where the edema manifests as acute and
otentially life-threatening neurologic deterioration.14 Albeit lim-

ted compared to the addition of SRS, the efficacy of multi-agent ICI
lone in achieving local control of more than half of brain metas-
ases (including a 26% complete response rate) at six months brings
orth an important question: Are the doses of SRS currently being
dministered for brain metastases excessive given that a large
roportion of the metastatic brain disease population is receiving
ystemic ICI treatment?

Prior to the widespread use of immunotherapy, the radiographic
adiation necrosis rate of SRS for metastatic brain disease was  less
han 5% (with the symptomatic radiation necrosis rate less than
%); however, a recent large study of 115 patients has indicated that

n the current immunotherapy era, the true rate of symptomatic
adiation necrosis with SRS + ICI is as high as 20%.15 Unfortunately,
tudies examining SRS + ICI have rarely reported radiation necro-
is rates, and the vast majority of those doing so have failed to
eport symptomatic radiation necrosis rates.16–20 Only two stud-
es have reported symptomatic radiation necrosis rates, revealing

 range from 12-20% of treated patients.15,21 Unlike the majority of
tudies examining SRS + ICI, these two studies allow for determina-
ion of symptomatic radiation necrosis rates per patient rather than
er treated lesion; for disease where it is common for patients to
equire treatment for multiple lesions, rates determined per patient
ill be substantially higher than those determined per treated

esion.
This is not a trivial consideration, as up to 1 in 5 patients treated

ith SRS for metastatic brain disease may  develop symptomatic
adionecrosis. This toxicity has the potential to affect outcomes
n this patient population, given the proven association between
teroid use and poorer overall survival for patients on ICI,14 and the
ide effect profile of bevacizumab when used to address symptoms.
he paucity of studies examining symptomatic radiation necro-
is following SRS in brain metastasis patients who  are receiving
mmunotherapy is further exacerbated by the lack of detail in the
iterature regarding radionecrosis rates relative to immunotherapy
nd SRS administration, and the dearth of prospectively collected
ata.22 To date, only one study has reported the time from SRS to
adiographic radiation necrosis rate (median: 14.7 months), with
o studies reporting the time from SRS to symptomatic radiation
ecrosis.21

.4. Proposed solution to metastatic brain disease
reatment-related morbidity

A potential solution to this problem involves dose-reduced SRS
o a level which substantially reduces radionecrosis risk without

acrificing the approximately 80-85% six-month local control pro-
ided by the present dosing schema, which from RTOG 90-05 has
emained 24 Gy for lesions 0−2 cm,  18 Gy for lesions 2.1−3 cm,  and
5 Gy for lesions 3−4 cm.23
ogy and Radiotherapy 25 (2020) 500–506 501

To maintain a dosing schema less toxic than the RTOG 90-05
regimen while remaining within SRS doses established by Level
I evidence to provide local control,24 we propose the following
dose-reduced SRS protocol for this Radiosurgery Dose Reduction
for Brain Metastases on Immunotherapy (RADREMI) prospective
pilot study: 18 Gy (0−2 cm lesions), 14 Gy (2.1−3 cm lesions), and
12 Gy (3−4  cm lesions) for brain metastases patients receiving at
least one immunotherapy agent. These doses are consistent with
Level I evidence comparing SRS with whole brain radiation ther-
apy for metastatic brain disease, which revealed that SRS doses
of 12−20 Gy were sufficient to provide local control.24 For per-
spective, it is important to remember that RTOG 90-05 was not
a dose finding study, but rather a dose tolerance study; subsequent
work has established improved local control compared to RTOG
90-05 while using lower doses than the RTOG 90-05 regimen.25–26

Given the efficacy of immunotherapy alone in treating melanoma
brain metastases,6 it is reasonable to hypothesize that a lower SRS
dose than the RTOG 90-05 schema will result in a combinatorial
effect sufficient to provide local control without resulting in the 20%
symptomatic necrosis rate seen with the present dosing schema.15

1.5. Summary and rationale

In summary, this study seeks to assess the efficacy and safety of
radiosurgery dose reduction for brain metastases patients receiving
immunotherapy. We  hypothesize that: 1. Dose-reduced SRS will
reduce the risk of radionecrosis compared to the 16% average rate
per patient from the existing concurrent SRS + ICI literature15,21

with current SRS dose, and 2. Dose-reduced SRS will demonstrate
non-inferior efficacy (measured primarily through six-month local
tumor control) compared to the 90% local control rate associ-
ated with the RTOG 90-05-established SRS dosing parameters.
For the purposes of this study, radionecrosis will be defined as
clinical symptomatology following SRS requiring steroid utiliza-
tion and/or operative intervention in combination with imaging
features strongly suggesting radionecrosis as demonstrated uti-
lizing routine MRI, MR  Perfusion, MR  Spectroscopy, and/or PET
imaging. Although the definition of concurrent SRS + ICI has var-
ied greatly in the literature, ranging from 2 weeks to 4 months
with some studies defining administration within 4 months as
concurrent18,20; for the purposes of this study, concurrent ther-
apy will be defined as ICI administered within 30 days of SRS.
We also hope to explore SRS radionecrosis rates in multi-agent
versus single-agent immunotherapy, as well as in melanoma versus
non-melanoma brain metastases. Local control will be defined as
a less than 20% increase in tumor size following SRS, as previously
described using Response Assessment in Neuro-Oncology (RANO)
criteria.27

2. Objective(s)

2.1. Primary objective

To evaluate toxicity rates of brain metastasis after ICI concurrent
with SRS at six months with regard to symptomatic radiation necro-
sis, defined as a 6-month rate of clinical symptomatology requiring
steroid administration (i.e. Decadron), bevacizumab (Avastin),
and/or operative intervention concomitant with advanced and rou-
tine brain imaging findings consistent with radiation necrosis.

2.2. Secondary objectives
• 6-month local control
• 6-month radiographic radiation necrosis
• 12-month symptomatic radiation necrosis
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Table 1
RADREMI dosing criteria.

Maximum Tumor Diameter Prescribed Dose

≤ 20 mm 18 Gy
02 S. McClelland III et al. / Reports of Practical

12-month local control
12-month radiographic radiation necrosis
12-month local control rate by SRS modality
12-month local control rate by single versus multi-agent ICI
12-month local control rate by melanoma versus non-melanoma
brain metastases
12-month symptomatic radiation necrosis rate by SRS modality
12-month symptomatic radiation necrosis rate by single versus
multi-agent ICI
12-month symptomatic radiation necrosis rate by melanoma
versus non-melanoma brain metastases

. Outcome Measures

.1. Primary outcome measure

6-month symptomatic radiation necrosis, defined as a 6-month
ate of clinical symptomatology requiring steroid administration
i.e. Decadron) and/or operative intervention concomitant with
dvanced and routine brain imaging findings consistent with radi-
tion necrosis. Follow-up MRIs will be fused with the planning scan
or this assessment.

.2. Secondary outcome measure

1 6–month local control, defined as a 6-month rate of any new,
recurrent or progressing (as defined by RANO criteria) tumor
within the planning target volume compared to pre-SRS on any
post-treatment MRI  by 6 months. Follow-up MRIs will be fused
with the planning scan for this assessment.

2 6-month radiographic radiation necrosis, defined as brain imag-
ing findings (MRI, MR  Perfusion, MR  Spectroscopy, and/or PET)
consistent with radiation necrosis.

3 12-month local control
4 12-month symptomatic radiation necrosis
5 12-month radiographic radiation necrosis
6 Evaluation of 12-month local control rate by SRS modality

(Gamma  Knife versus Linear Accelerator)
7 Evaluation of 12-month local control rate by single agent versus

multi-agent ICI
8 Evaluation of 12-month local control rate by melanoma versus

non-melanoma brain metastases
9 Evaluation of 12-month symptomatic radiation necrosis rate by

SRS modality (Gamma  Knife versus Linear Accelerator)
0 Evaluation of 12-month symptomatic radiation necrosis rate by

single agent versus multi-agent ICI
1 Evaluation of 12-month symptomatic radiation necrosis rate by

melanoma versus non-melanoma brain metastases

. Eligibility criteria

.1. Inclusion criteria

 Brain MRI-confirmed 1–10 solid tumor brain metastases13

 Biopsy-confirmed primary malignancy
 ds-GPA estimated median survival of at least 6 months28

 Stereotactic radiosurgery candidate per treating Radiation Oncol-
ogist

 ≥ 18 years old at the time of informed consent
 Ability to provide written informed consent and HIPAA autho-

rization.

 Absolute lymphocyte count (ALC) > 800/ul29

 Patients currently on cytotoxic chemotherapy are eligible
 Patients receiving ICI up to 30 days prior to delivery of SRS
21  – 30 mm 14 Gy
31  – 40 mm 12 Gy

4.2. Exclusion criteria

1 Major medical illnesses or psychiatric impairments, which in
the investigator’s opinion will prevent administration or com-
pletion of the protocol therapy and/or interfere with follow-up

2 Patients unable to receive MRI  Brain
3 Patients with more than 10 brain metastases on MRI  Brain
4 Any lesion > 4 cm maximum diameter
5 Total volume of metastatic disease more than 30 cm3

6 Previous whole brain radiation therapy
7 Previous stereotactic radiosurgery where the 50% isodose line

overlaps with current treatment field
8 Already receiving chronic dexamethasone (chronic = > 2 weeks)

prior to SRS
9 Not a radiosurgical candidate per Radiation Oncology discretion

10 Existing autoimmune disease
11 Histology not amenable for SRS (i.e. lymphoma)
12 Patients who have an unknown primary

5. Study design

This is a prospective, single arm, pilot study to determine
the symptomatic radiation necrosis rate at 6 months utilizing
dose-reduced stereotactic radiosurgery with immunotherapy for
subjects with a diagnosis of 1–10 brain metastases from MRI  and
tissue diagnosis of primary malignancy.

6. Study procedures

6.1. Baseline/Screening procedures

The following will be completed prior to radiosurgery:

1 Written informed consent and HIPAA authorization
2 Diagnostic MRI  Brain
3 Medical history and clinical examination performed by radiation

oncology
4 ALC
5 Baseline ds-GPA, ECOG and KPS

6.2. Stereotactic radiosurgery

Stereotactic radiosurgery will be delivered on all patients uti-
lizing gamma  knife or linear accelerator-based techniques as per
RADREMI dosing criteria (Table 1) based on tumor diameter. All
apparent, previously untreated brain metastases will be treated
with radiosurgery at this time.

If any of the following occurs during the MRI  Brain planning scan,
the subject will be withdrawn from study, not treated on protocol,
and replaced:

• The total number of brain metastases sums greater than 10. The

subject will be withdrawn and not treated on protocol.

• The total volume of brain metastases is greater than 30 cm3. The
subject will be withdrawn and not treated on protocol.
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Table 2
Response assessment of target and non-target lesions (Lin et al., 2015).

Target lesions

Complete response
Disappearance of CNS target lesion(s) sustained for at least 4 weeks; with no

new lesions, no use of corticosteroids and patient is stable or improved
clinically.

Partial response
At least a 30% decrease in the sum longest diameter of CNS target lesion(s),

taking as reference the baseline sum longest diameter sustained for at least
4  weeks; no new lesions; stable to decreased corticosteroid dose; stable or
improved clinically.

Progressive disease
At least a 20% increase in the sum longest diameter of CNS target lesion(s),

taking as reference the smallest sum on study (this includes the baseline
sum if that is the smallest on study). In addition to the relative increase of
20%, at least one lesion must increase by an absolute value of 5 mm or more
to  be considered progression.

Stable disease
Neither sufficient shrinkage to qualify for partial response nor sufficient

increase to qualify for progressive disease, taking as reference the smallest
sum longest diameter while on study.

Non-target lesions
Non-target lesions should be assessed qualitatively at each of the time points

specified in the protocol.
Complete response
Requires all of the following: disappearance of all enhancing CNS non-target

lesions, no new CNS lesions.
Non-complete response or non-progressive disease
Persistence of one or more non-target CNS lesion or lesions.
Progressive disease
Any of the following: unequivocal progression of existing enhancing

non-target CNS lesions, new lesion(s) (except while on
immunotherapy-based treatment), or unequivocal progression of existing
tumor-related non-enhancing (T2/FLAIR) CNS lesions. In the case of
immunotherapy-based treatment, new lesions alone may  not constitute
progressive disease.
S. McClelland III et al. / Reports of Practical

.3. Follow-Up

Following delivery of stereotactic radiosurgery, all patients will
e monitored clinically and with serial MRI  Brain scans to deter-
ine local control and rate of radiation necrosis. Additional imaging

nd testing may  be performed as deemed necessary by the treating
hysician.

Initiation/continuation of immunotherapy, chemotherapy
nd/or other systemic agents will be per medical oncologist
iscretion.

.4. One month follow-up

A detailed medical history, toxicity assessment and physical
xamination including vital signs along with a brain MRI  will be
erformed at 4 weeks after radiosurgery.

.5. Long term follow up

Subjects will be followed approximately every 3 months (+/-
0 days) after SRS for 1 year. A detailed medical history (including
ecessity of dexamethasone administration), toxicity assessment
nd physical examination including vital signs will be performed
t each visit. Each follow-up over this time period will also include

 Brain MRI  with the following sequences: without contrast, with
ontrast, FLAIR, Diffusion Tensor Imaging (DTI) and Perfusion

eighted Imaging (PWI). The MRI  will be analyzed per RANO BM
riteria for assessment of local control.27 The MRI will also be
nalyzed for radiation necrosis as discussed in Section Eight. Neu-
ologic status will be assessed using the Neurologic Assessment in
euro-Oncology (NANO) scale (Table 2).30

After the 1-year (12-month) follow-up period, subjects will be
ollowed according to their treating physician per standard of care
very 3–6 months. MRI  Brain scans obtained during this time period
ay  be used for assessment of primary and secondary endpoints;

owever, they are not mandated to be obtained at particular time
ntervals. Patients who are unable to travel to Indiana University
or follow-up appointments will have records sent to Indiana Uni-
ersity at each follow-up (Table 3).

. Treatment Dose and delivery

The total radiosurgery dose will be specified according to tumor
ize as noted in Table 1. All patients will be treated to this dose in
ne session.

FDA-approved stereotactic localization procedures for imaging
nd treatment delivery will be used. With radiosurgery treatments
sing the Leksell Gamma  Knife Perfexion®, target localization will
e performed using the head frame coordinate system. The Lek-
ell GammaPlan® will be used to generate the treatment plan with
espect to the coordinate system created by localization. Target vol-
me  and isocenter determination will be based on an MRI  Brain
can with the patient’s head in a stereotactic frame. The imaging
tudy used to deliver the radiosurgical treatment must be the same
s used to determine the size of the metastatic lesion(s). Stereo-
actic MRI  slice thickness may  not exceed 3 mm.  The target volume
ill include the enhancing portion of the metastatic lesion. Sur-

ounding areas of edema will not be considered part of the target
olume.

Linear accelerator based stereotactic localization will be
erformed using the Encompass® SRS thermoplastic mask immo-
ilization system. The patient will undergo a 1 mm slice thickness

elical CT scan that will be fused with the MRI brain T1-weighted
ost-contrast axial scan used for target delineation. The CT-MRI
usion maximum correlation error must be less than 1.5 mm.  The
maging study used to deliver the radiosurgical treatment must be
the same as used to determine the size of the metastatic lesion(s).
Stereotactic MRI  slice thickness may  not exceed 3 mm.  The target
volume will include the enhancing portion of the metastatic lesion.
Surrounding areas of edema will not be considered part of the target
volume.

The dose will be prescribed to the isodose surface (50–90%),
which encompasses the margin of the metastasis, as defined by the
imaging studies. The 100% dose will be recorded for each patient.

For patients with multiple brain metastases, stereotactic radio-
surgery will be delivered to each lesion that has not previously
undergone stereotactic radiosurgery. The prescribed dose will be
according to the RADREMI dosing schema as described in Table 1
above. Due to the volumetric summation constraint for the remain-
ing metastases, no single lesion greater than 4 cm will be allowed
on study, and, therefore, the above dose prescriptions can be used.
If any two lesions are within 0.8–2 cm of each other, the interven-
ing midplane dose will not exceed 13 Gy. This may  require treating
each respective target with a lesser dose than dictated by the above
table. This is designated to minimize toxicity in patients.

(Isodose distributions must be calculated, and the prescription
isodose line clearly designated, for each target lesion in all planes.

The dose to the critical structures (Table 4) must meet con-
straints as designated by TG-101; the small size of the cochlea
allows for only a max  point dose and not a maximum critical vol-
ume  above threshold or a threshold dose.31 If the above constraints
cannot be met  utilizing the prescribed radiosurgery dose Table 1,
then the highest dose to the target volume will be used such that
constraints can be met. This will be considered a minor deviation.
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Table  3
RADREMI study calendar.

Baseline
Screening

SRS (stereotactic
radiosurgery)

1 Month
Follow Upa

3 Month
Follow Upa

6 Month
Follow Upa

9 Month
Follow Upa

12 Month
Follow Upb

Within 30 days
of SRS

Gamma  Knife or
Linear
Accelerator
(LINAC)

30 days post
SRS

90 days post
SRS

180 days post
SRS

270 days post
SRS

1 years post
SRS

Radiation Oncology consult
and consent

X

Medical History (including
dexamethasone usage)

X X X X X X

Physical Examination X X X X X X
Vitals  X X X X X X X
ds-GPA/ECOG performance

status/KPS
X X X X X X

Diagnostic MRI  Brain X
MRI  Brain Planning Scand X
ALC, WBC, Hgb, platelets X
Toxicity assessment X X X X X
MRI  Brain with and

without contrastc
X X X X X

a Variations of +/- 14 days from the scheduled visit are permitted.
b After 12-months post-SRS, subjects will be followed at physician’s discretion, approximately every 3-6 months per standard of care. Any MRI  Brain, physical exam or

vitals  obtained at these appointments will be gathered. However, if these procedures are not performed per standard of care, this will not be a deviation.
c MRI  Brain performed at Indiana University will have sequences including contrast, no contrast, FLAIR, DTI and PWI. If patient receives MRI  Brain outside of Indiana

U and all sequences mentioned above are encouraged.
rator based SRS, and may  include the baseline screening MRI  at the treating radiation
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Table 4
Critical structures.

Structure Maximum
critical volume
above threshold

Threshold
dose (Gy)

Max  Point
Dose (Gy)

Optic pathway <0.2 cc 8 10
Brainstem <0.5 cc 10 15
niversity, a minimum of contrast, no contrast and FLAIR will need to be obtained 

d Variations of -30 days from the scheduled visit are permitted for linear accele
ncologist’s discretion.

. Radiation Necrosis

.1. Radiographic radiation necrosis

Assessment for radiation necrosis will be done based on the
ontrast-enhanced, FLAIR, Diffusion tensor imaging (DTI) and Per-
usion weighted imaging (PWI) MRI  sequences. Radiation necrosis
s typically a contrast enhancing lesion with surrounding edema
oted on contrast-enhanced MRI  and FLAIR, respectively; however,

t is difficult to distinguish from recurrent tumor. Therefore, DTI
nd PWI  sequences will be analyzed as well. DTI uses fractional
nisotropy that reflects the preferential direction of water diffu-
ion along white matter tracks. Fractional anisotropy in radiation
ecrosis is lower than that for recurrent tumor due to lack of nor-
al  axonal fibers or cells within the necrotic area as compared to

artially functioning axonal fibers and cells associated with recur-
ent tumor.32 PWI  assesses intra-lesional and peri-lesional cerebral
lood volume. Recurrent tumor is more likely to be associated with
igher cerebral blood volume than radiation necrosis as radiation
ecrosis is devoid of vasculature. The percentage of signal recovery

 76.3% has a sensitivity of 96% and specificity of 100% for radiation
ecrosis as noted on PWI.33

.2. Symptomatic radiation necrosis

Assessment for symptomatic radiation necrosis will be per-
ormed based on patients meeting criteria for radiographic
adiation necrosis who require steroid administration, beva-
izumab, and/or operative resection to treat symptomatic cerebral
dema, depending on neurologic severity of symptomatology
patients will be initially managed with standard-of-care Decadron
osing). These will be assessed at each post-SRS follow-up visit in
onjunction with Brain MRIs.

. CRITERIA FOR EVALUATION/REMOVAL FROM STUDY
Every subject should be encouraged to remain in the study. Pos-
ible reasons for early withdrawal may  include, but are not limited
o, the following:
Cochlea N/A N/A 9
Medulla <1.2 cc 7

1 Withdrawal of consent – Subject decides to withdraw from the
study. This decision must be an “independent decision” that is
documented in the source documentation

2 Principal Investigator and/or treating physician discretion – The
Principal Investigator and/or treating physician may  choose to
withdraw a subject from the study if there are safety or other
concerns.

3 Subject non-compliance.
4 Subject lost to follow-up.
5  Subject enrolled in hospice care.
6 Subject’s death.

10. Statistical Methods

10.1. General considerations

Statistical analysis of this study will be the responsibility of
the Department of Biostatistics at Indiana University School of
Medicine. Parameter estimates and relevant summary statistics
will be reported for both efficacy and safety outcomes. Continuous
variables will be summarized by means, medians, minima, maxima
and standard deviations. Categorical variables will be summarized
by frequencies and percentages. Missing data will not be imputed.
Additional exploratory analysis will be conducted when appropri-
ate. Changes from the analysis plan will not require an amendment

to the protocol unless it changes a significant feature in the proto-
col. If any changes occur, they will be documented in the clinical
study report. The statistical analysis methods are outlined below.
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0.2. Study design

This is a single-arm pilot study without blinding.

0.3. Analysis datasets

0.3.1. Enrolled population
The enrolled population comprises all subjects who meet the

ligibility criteria and are registered onto the study.

0.3.2. Safety population
The safety population comprises all subjects who have received

t least one dose of radiation. This set will be used for safety analysis.

0.3.3. Efficacy population
The efficacy population comprises all subjects who  have com-

leted stereotactic radiosurgery. This population will be used for
fficacy analysis.

0.4. Sample size

An optimum one-stage design is planned. We  specify a histor-
cal 6-month symptomatic radiation necrosis rate of 16% and an
xpected 6-month symptomatic radiation necrosis rate of 5%. Then,
o achieve a power of 80% and control the type I error below 10%,

 total of 40 patients evaluable for symptomatic radiation necrosis
ill be enrolled in the study. If at most 4 patients will experience

ymptomatic radiation necrosis in 6 months, the proposed dose
eduction is claimed to be desirable. Otherwise, it is undesirable.

e  assume that at most 5% of the patients will not be evaluable
or symptomatic radiation necrosis, which results in a total sample
ize of 42. In addition, we will add an interim analysis for the 6-
onth local control rate. When 20 patients have been enrolled in

he study with their local control outcome being available, we  will
onduct a binomial exact test for the null hypothesis that the pro-
osed method can maintain a 6-month local control rate of at least
5%. If p-value of this binomial test is less than 0.05, we will reject
he null hypothesis and terminate this study earlier for futility.

0.5. Patient Characteristics and significant protocol violations

Baseline subject characteristics will be tabulated, such as demo-
raphics (age, race, gender), and disease characteristics (ds-GPA).

0.6. Analysis of primary objectives

For the primary objective of 6-month symptomatic radiation
ecrosis for dose-reduced stereotactic radiosurgery concomitant
ith immunotherapy, the proportion of patients who have symp-

omatic radiation necrosis at 6 months will be calculated using the
aplan-Meier method along with a 95% confidence interval. Testing

he observed proportion smaller than a baseline 6 month symp-
omatic radiation necrosis rate of 16% at a type I error rate of 5%
sing a one-sided binomial exact test will be done.

0.7. Analysis of secondary objectives

For the secondary objectives of 6-month local control, 6-month
adiographic radiation necrosis, 12-month symptomatic radiation
ecrosis, 12-month local control, 12-month radiographic radiation
ecrosis and 12-month local control rate by SRS modality. Kaplan-
eier methods will be used to provide point estimate with 95%
onfidence intervals. The method of Klein et al.34 will be conducted
or the group comparison. We  acknowledge that due to the sample
ize, solid conclusions may  be difficult to draw for some of these
bjectives due to the high heterogeneity of different populations
ogy and Radiotherapy 25 (2020) 500–506 505

(melanoma versus lung versus breast cancer metastases). We  also
acknowledge the possibilities of the maximum rate of symptomatic
radiation necrosis being better reflected by the 12-month rate than
the 6-month rate, or of symptomatic radiation necrosis rate being
affected by the tri-fractionated scheme available with the most
recent evolution of Gamma  Knife devices.

11. Discussion

This study is the first prospective trial to investigate the safety
of dose-reduced SRS in treatment of brain metastases with con-
comitant ICI (administered before SRS). The findings from our
primary and secondary endpoints should provide fertile soil for
future multi-institutional collaborative efficacy trials of RADREMI
dosing for this patient population, potentially ushering in a new era
of reduced toxicity in the optimal management of this increasing
patient population.
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